This paper proposes an effective approach to fabricate a blue phase liquid crystal (BPLC) microlens array based on a photoconductive film. Owing to the characteristics of photo-induced conducting polymer polyvinylcarbazole (PVK), in which conductivity depends on the irradiation of UV light, a progressive mask resulting in the variation of conductivity is adopted to produce the gradient distribution of the electric field. The reorientations of liquid crystals according to the gradient distribution of the electric field induce the variation of the refractive index. Thus, the incident light experiences the gradient distribution of the refractive index and results in the focusing phenomenon. The study investigates the dependence of lens performance on UV exposure time, the focal length of the lens, and focusing intensities with various incident polarizations. The BPLC microlens array exhibits advantages such as electrically tunability, polarization independence, and fast response time.
Introduction
Liquid crystal (LC) lenses have extensive applications in many optical devices, such as optical communication [1] , projection displays [2] , signal processing to three-dimensional displays [3] , data storage systems [4] , and tunable photonic devices [1, 5] . Gradient-index (GRIN) lens using LCs have attracted attention, possessing advantages such as planar surface structure and a smaller issue of LC alignment [5] , simple fabrication process, and electrically induced non-uniform distribution of the LC directors [6] [7] [8] . However, because of the intrinsic uniaxial anisotropy of nematic LCs, the focusing properties of the LC lens depend strongly on the polarization of the incident light.
Blue phase liquid crystals (BPLCs) have recently become promising candidates for photonic applications [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . BPLC lenses have been displayed experimentally with a fast response time [20] , simple fabrication process [21] , and the polarization-independent property [22, 23] . To overcome the polarization dependence of conventional LC lens, polymer-stabilized blue-phase liquid crystals (PSBPLCs) and the Kerr effect have been considered as the better candidates [10, 24] . Polarization-independent BPLC lenses have been proposed [11] , but the fabrication process is complicated for the specific patterns of electrodes. This paper presents a simple method to produce a BPLC microlens array with a photoconductive film polyvinylcarbazole (PVK). An exposure of UV light with gradient distribution of intensity results in the variation of conductivity on PVK, and thus the focusing effect and the tuning capability can be realized by the gradient distribution of the electric field. Through controlling the applied voltages on the sample, the focal length of the BPLC microlens array can be tuned. In addition, the proposed BPLC microlens exhibits independent polarization and fast response features.
Materials and Methods
The micro-array progressive mask was drawn by using AutoCAD and fabricated by Dabaodao Optoelectronics Co., Ltd. There are 16 × 16 circular patterns inside 1 cm 2 . The radius of each progressive circular pattern (R) is 200 µm. The distance (r) between circles is 200 µm. The light transmission of each circular pattern increases gradually from the center to the edge of the circle. The change in transmittance of the progressive circular pattern is with an interval width of 35 µm and 7 light-transmittance gradient distribution, at 0%, 7%, 10%, 25%, 50%, 53%, and 100%, from the center to the edge of the circular pattern. Figure 1a presents the main production procedures of the sample as follows. (1) PVK spin-coated: The uniformly dissolved PVK solution (1.64 wt% in chlorobenzene) was spin-coated on the ITO substrate at 2600 rpm for 8 s. Next, the PVK-coated ITO substrate was placed in an oven and baked at 120 • C for 1 h to volatilize the chlorobenzene. (2) UV exposure: The PVK film was adhered to a progressive circular array mask and exposed by UV intensity of 260 mW/cm 2 with various exposure times of 12, 14, and 16 h. The conductivity of PVK increases gradually from the center to the edge corresponding to the increase of light transmittance in each circular zone. (3) Polyvinyl alcohol (PVA, M w : 8.9 × 10 4 -9.8 × 10 4 ) layer deposition: The exposed PVK substrate was immersed in the PVA solution (0.05 wt%) at 40 • C for 5 min and then baked at 120 • C for 20 min in order to prevent the PVK being dissolved in the BPLCs when the sample was heated above its clearing temperature [25] . (4) Sample assembly: The treated ITO substrate was assembled with another ITO-coated glass substrate with the spacer of 12 µm, and the BPLCs were filled into the assembled sample. The BPLCs were formed by mixing 60 wt% NLCs (HTW114200-100, n e = 1.779 and n o = 1.513 at 633 nm, from Fusol Material Co., Ltd.) and 40 wt% chiral dopant (S811, from Fusol Material Co., Ltd.).
The phase sequence of the BPLCs observed by the optical polarized microscope (OPM) is identified as ISO-42 • C-BPII-39.5 • C-BPI-36 • C-N*, where ISO and N* represent the isotropic phase and chiral nematic phase, respectively. When an external DC voltage was applied on an LC cell coated with a PVK layer, the effective voltage drop on the LC layer (V LC ) in the steady-state regime is expressed as Equation (1) [26, 27] :
where d PVK (σ PVK ) and d LC (σ LC ) represent the thicknesses (conductivities) of the LC layer and the PVK layer, respectively. Equation (1) indicates that the voltage drop on the LC layer depends on the ratio of σ LC to σ PVK . If the PVK film is conductive (σ PVK > σ LC ), then the largest external voltage can drop on the LC layer. If the PVK film is non-conductive (σ PVK < σ LC ), then only a fraction of the external voltage can drop on the LC layer. As the external DC voltage is applied to the cell, a non-linear gradient of an effective voltage drop on the LC layer can be obtained. This results in a non-linear gradient of LC orientation in the cell, which leads to an electrically tunable GRIN lens effect as shown in Figure 1b . Figure 1c presents the experimental setup for the measurement of the focal length of the BPLC microlens array. The He-Ne laser was used as the detection beam, in which beam size was expanded to 1 cm of diameter through an expander and then passed through the sample. The sample was placed in a thermal stage of 38.5 • C. Based on Bragg s diffraction, the wavelength of the reflection peak of BPLCs is about 492 nm at 38.5 • C. Since the BPLC microlens array had a short focal length, which was inconvenient to be recorded directly by the CCD camera. A convex lens was placed behind the focal plane of the sample, which allowed the image through the BPLC microlens array to easily focus on the CCD camera. In order to measure the focal length of the BPLC microlens array, the position of the image without applying an external voltage should be first obtained and then various voltages on the sample cell are applied to adjust the focal length of the microlens. The position of the lens was moved until the clear focusing image could be observed on the CCD camera. Herein, the focal length of the BPLC microlens array and convex lens are defined as F and f, respectively.
In Figure 1c the focal image formed by the BPLC microlens array can be regarded as an object corresponding to the convex lens, which once again focused on the CCD camera via a convex lens. According to the thin-lens theory, the equation of the convex lens can be written as:
where p and q are respectively defined as the object and image distances, which are d − F and L − d from Figure 1c . Thus, Equation (2) can be rewritten as:
From Equation (3), the focal length (F) of the BPLC microlens array is calculated by Equation (4):
where L is the distance between the sample and the CCD camera, which was fixed at 27.5 cm; f was 5 cm here; d was a variable distance between the sample and the convex lens. To measure the polarization dependence of the BPLC microlens, a polarizer, and a quarter-wave plate were placed behind the beam expander to ensure that the detection beam was circularly polarized. Another polarizer plate was placed between the quarter-wave plate and the sample to adjust the incident polarization.
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Conclusions
This paper has demonstrated an electrically tunable BPLC microlens array based on a photoconductive polymer layer, PVK. Progressive conductivity of the PVK layer is obtained by exposure to the UV light through a progressive circular array mask. As the external DC voltage is applied to the sample, a non-linear gradient of an effective voltage drop on the BPLC layer is obtained. This forms a non-linear gradient of LC orientation in the cell and results in an electrically tunable BPLC microlens array. The BPLC microlens array has the advantages of electrically-tunable focal length, polarization-independent, and fast response. However, several drawbacks have to be valued, such as the narrow temperature range of BPLCs, severe chromatic aberrations, and high operating voltage.
